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@) A method for the digital electronic measurement of periodic electrical quantities, and an 
instrument for the implementation of such a method. 



@ The method is one of using an instrument with 
one or more operational amplifiers (2) to sense the 
value first of a voltage and then of the relative 
current, inducing a known delay (At) and applying a 
reference voltage (V^) at the amplifier input to render 
all the signals positive, then converting these initial 
analog values to digital voltage and current values 
(Vii, iii) corrected by subtracting the offset value of 
the operational amplifier (2), which is obtained by 
averaging the digital values; the instrument (1) also 



comprises an analog-digital converter (7) as one 
component of a data processing unit (4), which fur- 
ther incorporates a switch (5), a sample-and-hoid 
circuit (6), a memory (8) having an internal shift 
register (9), and a control unit (10) programmable by 
means of software and capable of shifting the com- 
pensated current value (hi) into quadrature (Igoi) in 
such a way as to allow a direct calculation of reac- 
tive power by way of the shift register (9). 




Rank Xerox (UK) Business Sen/ices 

(3. 10/3.09/3.3.4J 



BNSOOCl D: <EP 06601 20A1 _!_> 



EP 0 660 120 A1 



The present invention relates to a nriethod for 
the digital electronic measurement of periodically 
varying electrical quantities, and to an instrument 
for its implementation. 

In an electronic circuit connected to an a.c. 
power supply, many electrical quantities of a peri- 
odic nature, i.e. variable over time, can be mea- 
sured by applying known electrotechnical princi- 
ples. 

Such quantities can be grouped into two dis- 
tinct categories, identifiable according to the man- 
ner in which measurement Is possible. Quantities 
belonging to a first category, or primary quantities, 
namely voltage and current, can be measured di- 
rectly by means of suitable instruments. Those 
belonging to a second category, or secondary 
quantities, including types of power, and power 
factor, are quantities of which the values are de- 
duced by way of mathematical processing oper- 
ations performed on measured voltage and current 
values. It is therefore clear that both voltage and 
current must be measured in any event. 

Conventionally, there are two principal methods 
of measuring primary periodic electrical quantities, 
i.e. voltage and current. In the first such method, 
which can be utilized with reasonable confidence 
only under laboratory conditions, the peak or crest 
value, that is to say the maximum value assumed 
by the monitored quantity within the measured 
period, is converted into an equivalent direct volt- 
age and this same equivalent direct voltage then 
measured. 

The second method, which is a sampling pro- 
cedure, consists rather in effecting a selected num- 
ber of measurements, or samples, of the monitored 
quantity and assuming the effective (r.m.s.) value 
as the measured value. The theoretical formula 
allowing calculation of the effective value of a peri- 
odic quantity having period T states that the value 
of the periodic quantity equals the square root of 
the integral from zero to period T of the squared 
value of the quantity, multiplied by dt. The practical 
formula, used in place of the theoretical for the 
purposes of calculation, states that the value of the 
periodic quantity equals the square root of the 
squares of single values of the quantity from 1 to n 
summated and divided by n, where n is the num- 
ber of samples. 

The first method is especially simple and can 
be implemented with similarly simple instruments, 
but is of limited practical use, being dependable 
only as long as the quantity to be measured is 
perfectly sinusoidal, hence, as aforementioned, in 
laboratory conditions where all potential sources of 
error can be monitored and eliminated. 

It happens in the majority of instances, how- 
ever, that the waveform of the measured quantities 
will be distorted due to the presence of harmonics. 
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and any value that can be measured will be equal 
to the sum of different waveforms registering at a 
given moment; accordingly, only the second meth- 
od, based on sampling, can ensure valid results. 

5 Concentrating exclusively on the sampling 

method, the value obtainable becomes that much 
more precise and dependable as the sampling 
frequency increases, as the summation tends to 
produce results more and more comparable with 

10 those of the integral in the theoretical mathematical 
formula. 

The method in question is implemented typi- 
cally by means of a circuit which comprises, in 
sequence, a differential amplifier, a sample-and- 

15 hold device, an analog-digital converter and a 
microprocessor. 

The signal reflecting the quantity to be mea- 
sured is received by the amplifier and relayed, 
suitably amplified and with any disturbances fil- 

20 tered out, on to the sample-and-hold device, the 
function of which is to store the signals in analog 
form for a prescribed duration before supplying 
them to the input of the ADC. This converts each 
signal into a number and relays the number to the 

25 microprocessor, which memorizes all the values 
received and effects the necessary calculations. In 
addition, the power supply to the measuring circuit 
needs to be both positive and negative, as the 
quantity measured is generally periodic and will 

30 therefore vary between positive and negative val- 
ues. 

The selfsame circuit, suitably modified by the 
addition of various components, can be utilized to 
measure the active power of the monitored circuit. 

35 Such a measurement is effected by taking volt- 

age and current samples simultaneously and mul- 
tiplying together the resulting values. The formula 
used in the subsequent calculation states that ac- 
tive power is equal to the sum of the products, 

40 from 1 to n, obtained by multiplication of the volt- 
age value with the corresponding current value, 
divided by n, where n is the number of samples. 
This practical formula is similarly valid for the cal- 
culation of reactive power, provided that current 

45 and voltage values are sampled 90° apart. The 
measuring circuit thus requires two operational am- 
plifiers and two relative sample-and-hold circuits 
connected to the inputs of a multiplexer, of which 
the output stage is connected to an input of the 

50 ADC, the output of the ADC being connected in 
turn to an input of the microprocessor. The mul- 
tiplexer first receives one signal, voltage for exam- 
ple, which is duly relayed to the ADC, and there- 
after' a second signal, current in this instance, like- 

55 wise passed on to the ADC. 

The microprocessor therefore receives two ' 
numbers in succession, which it multiplies together. 
As the analog-digital conversion takes a certain 

2 
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amount of time, the two sample-and-hold circuits 
will retain the signal received from the relative 
amplifier for a duration at least equivalent to the 
period of time required by the ADC to perform the 
operation. 

The dynamic characteristic of the measuring 
circuit is optimized by adding a variable gain am- 
plifier between each of the operational amplifiers 
and the relative sample-and-hold circuit, controlled 
by the- microprocessor and functioning as a scale 
changer. 

Evidently, a measuring circuit of this nature is 
rendered somewhat costly by reason of the nu- 
merous components it comprises, and of the char- 
acteristics each such component must possess in 
order to ensure that its task is performed correctly: 
for example, the need for the various components 
to be connected to a power source with both posi- 
tive and negative polarity In order to respond cor- 
rectly to a signal which varies between positive and 
negative values. 

Also, the operation of the scale-changing vari- 
able gain amplifiers Is such as to alter the operat- 
ing constants of the circuit overall, since In practice 
the single amplifier will be composed of a number 
of circuits coupled in parallel, furnished with a 
resistor and a relative static switch. Each static 
switch functions as a variable resistor responding 
to temperature, and the gain of the amplifier Is 
modified not only varying the number of circuits 
connected In parallel, through which current flows 
simultaneously, but more especially by shutting off 
one circuit rather than another. This means that a 
variation in resistance occasions an accompanying 
change in compensation, as the reference or offset 
values are also altered. What Is more, the variable 
gain amplifiers need to be of superior quality, a 
feature dictating high cost, precisely In order to 
ensure effectiveness within a wide operating range 
compassing each of the single ranges relative to 
the individual scales In which measurements are to 
be possible. 

It will be clear from the foregoing that elec- 
tronic Instruments currently available for the mea- 
surement of electrical quantities are typified by 
high cost, and that the cost rises disproportionately 
with any Increase In performance and In the re- 
quired level of precision, by reason of the need to 
add further elements or devices which in turn dic- 
tate the need for further corrections. In a three- 
phase circuit, for example, reactive power is mea- 
sured by sensing voltage linked across two phases 
and current on the remaining phase. In single- 
phase circuits, on the other hand, use Is made of 
analog devices which in order to give an accept- 
able level of precision must necessarily Involve an 
appreciable cost. 



In addition, again considering the calculation of 
reactive power and utilizing the digital sampling 
method with processing by the formula which 
states that the value of reactive power is equal to 

5 the square root of the product given by multiplica- 
tion of the voltage and the current, sampled in 
phase and squared, subtracting the squared value 
of the active power also sampled in phase, one 
quadrant only of the waveform can be covered, so 

70 that the mathematical sign of the reactive power 
remains unobtainable and it cannot be established 
whether the monitored circuit is capacitive or in- 
ductive. 

The object of the present invention is to pro- 
75 vide a method for the measurement of periodic 
electrical quantities, and an electronic instrument 
for Its Implementation, which will afford notable 
economies of construction while losing nothing In 
accuracy. 

20 The Invention will now be described In detail, 

by way of example, with the aid of the accompany- 
ing drawings. In which: 

- fig 1 is the electrical diagram of an instru- 
ment for measuring electrical quantities ac- 

25 cording to the Invention, shown in a simple 

embodiment; 

- fig 2 Is an electrical diagram indicating a 
more complete embodiment of the measuring 
instrument as in fig 1 ; 

30 - fig 3 shows the graph of an electrical quantity 
modified by the instruments of figs 1 and 2; 

- fig 4 is a graph showing the waveform of 
current or voltage generated at 50 Hz. obtain- 
able with an instrument as In fig 1 or 2; -< 

35 - figs 5 and 6 are graphs showing the 
waveforms of current or voltage generated at 
50 Hz and 60 Hz, respectively, obtainable 
with an instrument as In fig 1 or 2 over a 
complete measuring period; 

40 - fig 7 Is a graph drawn on larger scale and 
showing how voltage and current values are 
sampled using an instrument as In fig 1 or 2; 

- fig 8 shows two graphs illustrating the effec- 
tive values respectively of voltage and current 

45 In phase and of voltage and current 90° apart, 

suitable for use In calculating active power 
and reactive power, obtainable with an instru- 
ment as In fig 1 or 2; 

- fig 9 is a flowchart illustrating the operation of 
50 an Instrument as In fig 1 or fig 2. 

The method to which the present Invention 
relates Is based on the conventional technique of 
sampling, and allows the digital electronic mea- 
surement of periodic electrical quantities In an 
55 electronic circuit employing an instrument of nota- 
bly simple circuitry; in the method disclosed, the 
values of electric current and voltage, or viceversa, 
are sensed by introducing a predetermined and 
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preset delay or phase shift At as indicated in fig 7. 
in which Vj and Ij denote the values of input voltage 
and input current, respectively, or in any event the 
values registering at the terminals 3 of the nnon- 
itored circuit. 

Likewise according to the method of the inven- 
tion, the phase shift of 90° between current and 
voltage, induced to allow the calculation of reactive 
power, is effected following the step in which the 
analog values are converted to digital, and obtained 
by storing the values in a dedicated memory circuit 
for a period of time equal to that required by the 
waveform of the shifted periodic quantity to cover 
the 90°. More exactly, each digital current value is 
memorized in a storage device having a number of 
locations equivalent to the number of samples it is 
intended to effect for each quarter of the current 
waveform, as will become clear in due course. 

Finally, where an operational amplifier is em- 
ployed in sampling voltage and current values, the 
method also includes the step of generating an 
arbitrary reference internally of the amplifier, of 
which the effect is to render all input values posi- 
tive and thus allow the use of an analog-digital 
converter designed to handle positive analog val- 
ues only. By virtue of this expedient, the oper- 
ational amplifier can be driven utilizing a power 
source of positive polarity only. 

For a fuller appreciation of the potential af- 
forded by the method disclosed, a preferred instru- 
ment for its implementation will now be described 
in detail with reference to the accompanying draw- 
ings. 

The measuring instrument according to the 
present invention, denoted 1 in its entirety, essen- 
tially comprises an operational amplifier 2 and a 
data processing unit 4. Fig 1 shows the instrument 
1 in a simple embodiment, whereas fig 2 illustrates 
a more complete version of the arrangement in fig 
1. 

Reference is made throughout the specification 
to the second of these two embodiments, purely by 
way of example. 

The data processing unit 4 comprises a plural- 
ity of mutually integrated components shown sche- 
matically as discrete blocks in figs 1 and 2 so as to 
give a clear indication of the various operations the 
unit will be able to perform. The components in 
question comprise a switch 5, a sample-and-hold 
circuit 6, an analog-digital converter or ADC 7, a 
memory 8, a shift register 9, a software-program- 
mable control unit 10, also a data transmission 
device 1 1 and a timer 13. 

The switch 5 is an electronic device able to 
direct signals from different sources to a single 
user. In the particular example of fig 2, the inputs 
of the switch 5 are connected to the outputs of a 
number of operational amplifiers 2, or of one mul- 
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tiple operational amplifier consisting structurally or 
functionally in a plurality of single operational am- 
plifiers. In this instance the switch 5 will be op- 
erated by the control unit 10 and is capable of 

5 supplying an output consisting in the signal from 
just one of the operational amplifiers 2. The shift 
register 9 constitutes a part of the memory 8, and 
is operated by the control unit 10 as a separate 
device by which a predetermined number of digital 

10 values can be memorized, one after another, then 
discarded from their allocated memory locations 
and restored in sequence from first to last: in short, 
the shift register 9 operates on the principle of first- 
in-first-out. or FIFO. The data transmission device 

15 1 1 permits of connecting the data processing unit 4 
to a further device, for example a computer which 
might perform further processing operations on the 
received data, in this case the exact values of the 
various measurements. The data transmission de- 

20 vice 11 might be capable of transmitting data 
bidirectionally, so as to allow of programming the 
control unit 10 from an external computer utilizing 
suitable software. Normally, at all events, the data 
transmission device 11 will be connected to the 

25 memory 8, as illustrated in figs 1 and 2, from which 
it receives the stored values in the mode and with 
the timing established by whatever unit may be 
connected to the data transmission device 11. 

The operational amplifiers 2 are associated 

30 ' with a circuit 12 of which the function is to generate 
a constant and well defined voltage applied to 
the input stage of each one and serving as a 
reference value. The operational amplifiers 2 shown 
in fig 2 are all different one from another, inasmuch 

35 as the gain of each amplifier is set to ensure its 
precise operation within a respective and exactly 
defined range or scale of values. Fig 2 illustrates 
five such operational amplifiers 2 of which the first 
two uppermost in the diagram are used to sense 

40 the value of the voltage at the terminals 3, or input 
voltage Vj, whilst the three remaining amplifiers 
below serve to sense the value of current at the 
terminals 3, or input current Ij. The outputs of all 
five operational amplifiers 2 are connected to re- 

45 spective inputs of the switch 5, which in turn will 
supply the sample-and-hold circuit 6 with one only 
of the signals received from the operational amplifi- 
ers 2, as determined by a command from the 
control unit 10. 

50 The function of the sample-and-hold circuit 6 is 

to store the signal received from the switch 5 for 
the period of time required by the ADC 7 to con- 
vert the received signal to a number, which is 
transmitted to the control unit 10. 

55 The timer 13 clocks the interval and informs 

the control unit 10 of the exact instant in which the 
instrument 1 is to respond; in short, the timer 13 
gives the sampling frequency, in that it indicates 

4 
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the number of acquisitions of voltage and current 
values made per unit of time during the measuring 
operation. 

Observing the instrument of fig 2 and the 
flowchart of fig 9, the operation of the instrument 1 
will now be described, to the end of allowing a 
fuller appreciation both of the instrument itself and 
of the method disclosed. Each block of the 
flowchart is denoted by a single capital letter, with 
the exception of the first and the last, and it is to 
these letters that reference is made. 

As soon as power is supplied to the instrument 

1. the timer 13 begins clocking, and provides the 
control unit 10 with pulses or signals indicating the 
start of a sensing or sampling cycle. To allow the 
measurement of periodic electrical quantities in the 
alternating currents most widely utilized, the instru- 
ment effects a number n of samples per unit of 
time such as will produce a whole number of 
waveforms for the measured periodic quantity with- 
in the clocked period. With regard in particular to 
those electrical quantities having 50 Hz and 60 Hz 
frequency respectively, to which reference is made 
in the specification strictly by way of example, 
values are sampled over an interval of 100 ms in 
such a way that a whole number of waveforms can 
be obtained both from a 50 Hz and from a 60 Hz 
source. 

Thus, five whole waveforms will be obtained 
from current and voltage at 50 Hz (see fig 5) and 
six whole waveforms from current and voltage at 60 
Hz (see fig 6). The measuring period is set at 100 
ms, as this is a multiple of the period of one 
waveform (the period being the time taken by the 
electrical quantity under scrutiny to return to a 
given value) whether generated at a frequency of 
50 or of 60 Hz. 

In addition, the number n of samples selected 
will be a number divisible both by 4 and by the 
whole number of waveforms occurring in the cho- 
sen period, namely 100 ms in the case in point. 
For 50 Hz and 60 Hz frequencies, the number 
might be n = 240, thus giving 48 samples per 
waveform in the case of 50 Hz and 40 samples in 
the case of 60 Hz. The number 240 is also divisible 
by 4, for a reason that will be made clear in due 
course. The first step executed by the control unit 
10 is that of configuring the switch 5 to establish 
which two of the operational amplifiers 2. one for 
voltage and one for current, will supply source 
values to the data processing unit 4. This selection 
of operational amplifiers 2 is made on the basis of 
the values of voltage and current sensed during the 
previous measurement and stored in the memory 
8, or through the intention of a lower gain amplifier 

2. The enabling of one operational amplifier 2 rath- 
er than another is a step executed automatically by 
the control unit 10 after each sampling operation. 



on the basis of the monitored values and of the 
calculations performed. 

If the control unit 10 finds that the value of the 
output from the enabled operational amplifier 2 is 

5 less than 25% approximately of its full scale, the 
switch 5 will be made to connect to a higher gain 
amplifier 2; conversely, if the measured value is 
more than 10% approximately of the full scale, the 
switch 5 will be piloted to select an operational 

10 amplifier 2 of lower gain: in neither instance will 
any manual intervention be involved. At the same 
time, the circuit denoted 12 generates a reference 
voltage at the input of all the operational amplifi- 
ers 2, as illustrated in fig 1 and fig 2. 

75 The value of Vr will be equivalent to approxi- 

mately half the reference voltage of the ADC 7, and 
in addition, the input signal is adjusted in such a 
way as to regulate the amplitude at a peak-to-peak 
value equivalent to some 20% less than the dy- 

20 namic range of the analog-digital conversion circuit. 
In other words, on the basis of calculations effected 
by the control unit 10 in the course of a typical 
measuring operation, the system responds during 
the successive operation in such a way as to 

25 ensure that the peak-to-peak value measured will 
remain between 25% and 80% of the maximum 
value that can be measured by the ADC 7. as 
discernible in fig 3. 

In this way, the signals transmitted to. the input 

30 of the ADC 7 will be entirely positive, as shown in 
fig 3, and the waveform "displaced" upwards by 
the reference voltage V^. At power-up, the instru- 
ment 1 will assume default reference values; in the 
case of the reference voltage applied to each of the 

35 operational amplifiers 2, for example, this will be 
equal to the voltage Vj generated at the input of the 
amplifier 2, 

A further operation effected by the control unit 
10 before commencing the first measurement is 

40 that of determining the capacity of the shift register 
9, i.e. defining the number of memory locations to 
be compassed by the shift register 9 in such a way 
as to contain one quarter of the samples that can 
be taken during one complete waveform of the 

45 current, or in effect to allow of storing the values 
sampled over one quarter period. In the case of the 
example mentioned previously, that is, 240 sam- 
ples over a period of 100 ms duration, the samples 
per period of current or voltage will be 40 or 48 in 

50 number, according to the frequency. The number 
of usable locations afforded by the shift register 9 
must therefore be 10 or 12, respectively. At the 
moment in which a pulse is generated by the timer 
13 to signal the start of the sampling cycle, the 

55 control unit 1 0 enables the switch 5 to connect one 
of the voltage-sampling operational amplifiers 2 
with the sample-and-hold circuit 6 (block A). 
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The ADC 7 proceeds to convert the analog 
voltage Vi received by way of the operational ann- 
plifier 2 and the sample-and-hold circuit 6, and 
having connpleted the conversion, relays the result 
to the control unit 10; the digital, or nunnerical 
voltage value Vd is then entered in a first location 
of the memory 8 by the control unit 10, which 
pilots the switch 5 to connect the enabled current- 
sampling operational amplifier 2 with the sample- 
and-hold circuit 6. The ADC 7 now converts the 
sampled current signal h to a corresponding digital 
value Id, and having made the conversion, trans- 
mits the result to the control unit 10, which stores 
the digital current value Id in a second location of 
the memory 8 and then waits for a new pulse from 
the timer 13 marking the start of a new sampling 
cycle. In practice, the end of one sampling cycle 
and the start of another can be almost simulta- 
neous, the effect being to maximize the number of 
samples. It will be observed that the conversion of 
the current value begins after that of the voltage 
value, following a delay or phase shift At which is 
both known apd determinable (see fig 7). The 
phase shift At in question is a known dimensional 
quantity, consisting in the sum of two consecutive 
periods of time denoted Ati and At2, where Ati is 
the measured and constantly repeated interval of 
time required by the ADC 7 to convert the voltage 
sample, and At2 is the time, likewise measured and 
constant, taken by the control unit 10 to perform a 
predetermined and constantly repeated number of 
operations, which involve entering the digital volt- 
age value Vd in the respective location of the 
memory 8 and piloting the switch 5. Whilst the 
effect of the phase shift At is in practice to intro- 
duce an error, the error is a known quantity and 
therefore easily compensated and corrected. 

Following the acquisition or memorization of 
the digital voltage and current values Vd and Id, 
these values are taken and processed singly: block 
B of the flowchart denotes the operation of mul- 
tiplying by 256 to give 16-bit values, the signifi- 
cance of which is well known to a person skilled in 
the art, followed by summation with those stored 
previously to allow calculation of the updated refer- 
ence value for the operational amplifier 2. 

In operation, each digital sample value, whether 
voltage Vd or current Id, is multiplied by 256 and 
converted into a 16-bit number. This number is 
then added to the sum of the previous samples 
processed in the same way, and the resulting value 
stored in a respective location of the memory 8 
which holds the updated result of the summation; 
the mean value of the 16-bit numbers held in the 
various locations is then used as the reference or 
offset value. The reason for using a mean value as 
the reference or offset value derives from the fact 
that a periodic quantity such as voltage and cur- 
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rent, unmodified as in fig 3, has a mean value of 
nothing; accordingly, the reference or offset value 
for the operational amplifier 2 is obtained by mea- 
suring the mean value of the digital values sam- 

5 pled. This mean value is also equal to the sum of 
the programmed reference value V^ plus the offset 
value as specified for the operational amplifier 2. 
This means that, even if the operational amplifier 2 
utilized is of modest quality with a relatively high 

10 specified offset value, the measurement obtained 
will nonetheless be notably precise since the offset 
value is measured and discounted continually. Ac- 
cordingly, after each digital value Vd and Id has 
been multiplied by 256, the offset value of the 

75 operational amplifier 2 is subtracted. Thus, one 
obtains a 16-bit number with the relative sign. The 
two bytes of each digital voltage and current value 
are shifted in such a way as to obtain an 8-bit 
number with the relative sign and thereby ensure 

20 greater precision, the resulting digital voltage and 
current values Vd and Id being compensated. Fur- 
ther attention may be given to this aspect of the 
method before proceeding, in order to illustrate 
how with simple mathematical operations per- 

25 formed by the data processing unit 4 it becomes 
possible to obtain precise measurements, even 
with operational amplifiers 2 of unremarkable qual- 
ity. 

Each sample, an 8-bit number, is multiplied by 

30 256 and converted into a 16-bit number. This num- 
ber is then added to the other 16-bit numbers 
memorized previously, whereupon the 16-bit offset 
value, measured and calculated during the previous 
cycle, is subtracted. The number obtained, still a 

35 16-bit number, contains a sign and 6 or 7 bits in 
the most significant byte (8 bits). The fact that the 
number has a sign, positive or negative, can be 
discerned by observing fig 3 and considering the 
horizontal straight line passing through the value 

40 denoted V^ as representing the 'x' axis. As con- 
cerning errors, the following observation may be 
made: where use is made of an analog-digital con- 
verter for the purpose of effecting measurements, it 
has to be remembered that such a device occa- 

45 sions an element of error generally proportional to 
its own number of bits. 

For example, an 8-bit converter has a typical 
error of plus or minus one bit, equivalent thus to 
0,5% of the full scale. If the quantity to be mea- 

50 sured is a quantity varying cyclically over time, as 
in the case of the disclosure, it can be dem- 
onstrated that, applying the effective value formula 
in the sampling method described above, the ulti- 
mate error in the measurement is reduced by a 

55 factor equal to the square root of the number of 
samples effected. 

This being the case, the subtraction of an 8-bit 
number gives place to a systematic error that is not 

6 
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compensated in the procedure described above. 

Accordingly, the step of subtracting the refer- 
ence or offset value of the operational amplifier 2 is 
made a 16-bit operation in such a way as to reduce 
the systematic error introduced, by 1/256. The end 
result is converted back to 8 bits plus sign and 
rounded up to 1/2 bit, in such a way as allows the 
successive operations using 8-bit mathematics to 
be performed at high speed and without introduc- 
ing any systematic error. 

The digital value is memorized and utilized in 
the form of an 8-bit number in order to reduce both 
the amount of memory needed and the time neces- 
sary for calculation, since the use of a 16-bit num- 
ber would require a more powerful data processing 
unit 4 and increase the calculation time not twofold, 
but in fact fourfold over that needed for an 8-bit 
number. 

The use of a 16-bit offset value also permits of 
eliminating one product in calculating each sample. 

If the resulting corrected digital value is In, 
relative to the current, this is memorized in the shift 
register 9, and more precisely in the first free 
location of the shift register 9, and will be pro- 
cessed no further. Both digital values Vij and In are 
squared, then added to the corresponding results 
of previous sums, the results being read in respec- 
tive storage locations of the memory 8, and the 
updated sums then saved in the same locations. 

The digital voltage and current values Vn and 
In are multiplied together and the result is added to 
the result of the sum of the corresponding previous 
products. The final result of the sum is saved in a 
respective location of the memory 8. This product 
and the relative sum are used in the calculation of 
active power Pi as will be described in due course. 

The digital voltage value Vn is multiplied by 
the value Igoi memorized first in sequence in the 
shift register 9, and the resulting product is added 
to the sum of the corresponding products, where- 
upon the final result of the addition is memorized in 
a respective location of the memory 8. Given that 
the value saved first in the shift register 9 refers to 
ten or twelve operations beforehand (the example, 
it will be remembered, allows for 50 Hz and 60 Hz 
frequencies alike), the digital voltage value is 
multiplied by the digital current value Igoi phase 
shifted 90° from the voltage value Vd in question. 

The resulting product and the sum of such 
products are then used in the calculation of reac- 
tive power. 

Naturally, the digital current value Igoi supplied 
by the shift register 9 is then discarded to allow the 
memorization of a new digital current value, pos- 
terior to those remaining. In simplistic terms, con- 
sidering the various values as if lined up one be- 
hind the other, each operation consists in the last 
value being extracted and the remainder moved 
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back one place so as to vacate the first position, 
this being the position in which the most recent 
value sampled and calculated is always memo- 
rized. 

5 The calculations relative to each sample are 

thus complete, and the procedure, both of measur- 
ing the voltage and current values and of perform- 
ing the relative calculations, will be repeated n 
times (block C, fig 9). In the particular case in 

10 point, the calculations continue to be repeated until 
such time as 240 samples have been counted, 
whatever the frequency of the voltage and current 
(50 or 60 Hz). 

Once all the n samples are available, the con- 

75 trol unit 10 will proceed to execute those calcula- 
tions required to obtain the values of the primary 
and secondary electrical quantities relative to the 
electronic circuit from which the signals are taken 
at the terminals 3. These operations (block D) are 

20 performed with the aid of software by the control 
unit 10, which processes the various values stored 
In determined locations of the memory 8 and ap- 
plies additional correction values stored similarly in 
other locations of the memory 8. The execution of 

25 these calculations is especially fast, depending 
purely on the speed of the data processing unit 4, 
and is entrusted to a single element characterized 
by low cost though lacking nothing In precision; in 
effect, the data processing unit 4 will consist in just 

30 such an element. First to be calculated are the 
measured voltage and current values, using the 
same formula, that is to say, in which ^the mea- 
sured voltage value V^rms snd the measured cur- 
rent value liRMs are each equal to the square root 

35 of the sum of the squares of the respective digital 
values Vii and In, divided by the number of sam- 
ples, say 240. 

In the case of active power Pi , this equals the 
sum of the products obtained by multiplication of 

40 the single digital voltage values Vn and the relative 
digital current values In, divided by the number of 
samples. Apparent power Si , on the other hand, is 
equal to the product obtained when multiplying 
together the measured voltage Virms and mea- 

45 sured current Iirms. whilst reactive power Qi 
equals the square root of the difference between 
the squares of apparent power Si and active power 
Pi . Measured reactive power Qim equals the sum 
of the products given by multiplying the single 

50 digital voltage values Vn and phase-shifted current 
values Igoi, divided by the number of samples. The 
last of the electrical quantities measured is power 
factor PF, which equals the ratio between active 
power Pi and apparent power Si. At this point. 

55 again utilizing software, the control unit 10 pro- 
ceeds to correct, or rather compensate the active 
power and measured reactive power values Pi and 
Qim on the basts of the phase shift At introduced 

7 
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when measuring the voltage and current values Vii 
and hi (blocks E and F). Before the compensation 
is applied, a check is run to verify the sign of the 
measured reactive power Qim- It will be observed 
that the ability of the instrument 1 disclosed to 
verify the sign of the measured reactive power Qim 
is attributable to the fact that the digital values of 
voltage Vn and phase-shifted current l9oi incor- 
porate the relative sign and are calculated through- 
out the entire cycle of the current and voltage, not 
merely during one quadrant of the waveform, i.e. 
90° only, as occurs in the case of instruments 
embraced typically by the prior art. Accordingly, it 
becomes possible to verify the sign of the mea- 
sured reactive power Qi^ and consequently to 
establish whether the monitored circuit is capacitive 
or inductive. With the sign of the measured reac- 
tive power Qirri thus known, the control unit 10 will 
consult a compensation table, stored in the mem- 
ory 8, which is compiled by means of mathematical 
calculations deriving from known laws of electrical 
engineering- Reading the table, the control unit 10 
identifies the phase shift At introduced for mea- 
surement purposes, selects the corresponding 
compensation factor and applies it in multiplication 
both to the active power value Pi and to the 
measured reactive power value Qim, in such a way 
as to obtain the exact values of these secondary 
periodic electrical quantities. 

All the values thus calculated, and if necessary 
compensated, are saved in determined locations of 
the memory 8, from where they can be retrieved 
by the data transmission device 11 as frequently as 
may be required without affecting the operation of 
the Instrument 1 in any way. The data transmission 
device 11 might be connected to a display on 
which the various values are read out, or to a 
computer, which will store the data, or Indeed to 
any given medium. At alt events, the instrument 1 
continues to operate in the manner prescribed ir- 
respective of the particular use to which the data 
transmission device 11 may put the definitive val- 
ues stored in the memory 8. 

Considering the method according to the in- 
vention again at this point, in the light of the 
foregoing description of the relative instrument 1 
and its operation, the advantages wilt be clearly 
evident, namely: a reduction in the cost of instru- 
ments for the electronic measurement of periodic 
electrical quantities, and greater precision and re- 
peatability of the measurements effected. 

The fact of applying an arbitrary reference to 
the operational amplifier 2 allows the use of an 
ADC 7 integrated into the data processing unit 4, 
since the device processes positive values only. 
This is in no way a limitation however, since the 
software used In conjunction with the control unit 
10 is able, and with absolute precision, to com- 
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pensate the converted digital voltage or current 
value Vd or Id generated by the ADC 7 on the basis 
both of the arbitrary reference applied to the oper- 
ational amplifier 2 and of the offset value calculated 

5 for the amplifier. 

The introduction of a known and predetermined 
phase shift between the voltage and the current 
allows the use of one operational amplifier 2 only 
and of one sample-and-hoid circuit 6 only, also of 

10 just one analog-digital converter 7, integrated with 
and incorporated into the data processing unit 4, 
for the purpose of monitoring both voltage and 
current. 

Likewise in this instance, the software allows 
76 full knowledge and correction of the error intro- 
duced. 

Finally, the adoption of a data processing unit 4 
piloted by appropriate software allows the use of a 
plurality of operational amplifiers 2 connected to 

20 the switch 5 of the data processing unit 4, thereby 
gaining not only the economic benefit of replacing 
a single high-cost amplifier with several standard 
operational amplifiers, but also greater precision 
Inasmuch as any offset built into the amplifiers is 

25 measured individually and suitably compensated. 

Observing figs 5 and 6 in particular, it will be 
seen how a greater number of samples can repro- 
duce current and voltage waveforms with a high 
degree of precision. The two graphs of fig 8 show 

30 voltage and current waveforms superimposed, the 
top graph with the current in phase, and the bottom 
graph with the current in quadrature as a result of 
inducing the phase shift At, to allow the calculation 
of active and reactive power. 

35 As regards conversion errors, these are re- 

duced in the method disclosed by a factor propor- 
tional to the square root of the number of samples. 

The values of the periodic electrical quantities 
measured can be retrieved from the memory 8 via 

40 the data transmission device 11 using a computer 
which, suitably programmed by software, will be 
able to perform an exact calculation of the power 
absorbed by the monitored circuit as long as the 
Instrument is on standby or activated. 

45 An instrument 1 as described above, equipped 

with an additional switch 5, can be used to mea- 
sure the single phases of a three-phase system, in 
sequence, sampling for 100 ms on each phase. If 
the sine and the cosine of the phase angle be- 
so tween voltage and current are known, also the type 
of connection, it will also be possible to reconstruct 
any parameter using conventional laws of electrical 
engineering. 

55 Claims 

1. A method for the digital electronic measure- 
ment of periodic electrical quantities in an 

8 
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electronic circuit, namely primary quantities 
such as voltage and current and secondary 
quantities such as active and reactive power 
and power factor, which utilizes sampling and 
comprises the steps, executed for each sue- 5 
cessive sample, of sensing the values of volt- 
age and current registering at two terminals (3) 
of the electronic circuit, converting the relative 
analog values into digital or numerical values, 
memorizing the digital values, processing the w 
digital values and saving the results of such 
processing, 
characterized 

- in that the current value (Ij) sensed at the 
terminals (3) is separated from the cor- is 
responding voltage value (Vj) by inducing 

a predetermined and preset delay or ad- 
vance or phase shift (At); and 

- in that either the voltage or the current 
value is shifted 90° in relation to the 20 
other following the analog-digital conver- 
sion, to the end of allowing calculation of 

the reactive power of the circuit, by 
memorizing the digital value for a period 
of time corresponding to one quarter of 25 
the period of the waveform exhibited by 
the relative periodic quantity reflecting 
voltage or current. 

2. A method as in claim 1, wherein the step of 30 
sensing voltage and current values (Vj, Ij) is 
effected by means of an operational amplifier 

(2) to which an arbitrary reference voltage (Vr) 
is applied in such a way that all values mon- 
itored by the amplifier will be positive, com- 35 
prising the further step of calculating the mean 
values of the digital voltage values (Vn) and 
digital current values (In) for use during the 
successive measuring step as offset values for 
the operational amplifier (2), which are sub- 40 
tracted from each corresponding digital voltage 
value (Vii) and current value (In) in calculating 
the effective digital voltage and current values 
for each sample. 

45 

3. A method as in claim 2, wherein calculations of 
the offset values for the operational amplifier 
(2) and of the effective digital voltage and 
current values for each sample are performed 

as 16-bit operations, whereupon the effective so 
digital values of voltage and current or of pri- 
mary quantities are converted to 8-btt plus sign 
numbers prior to their use in the calculation of 
secondary periodic electrical quantities. 

55 

4. A method as in claim 1, wherein the digital 
current values are memorized in a storage 
device having a number of memory locations 



equivalent to the number of samples that can 
be executed over a period of time correspond- 
ing to one quarter of the period of the current 
waveform, and with the capacity, when re- 
quired, to supply and simultaneously to dis- 
card the digital value memorized first in se- 
quence. 

5. An instrument for effecting the digital elec- 
tronic measurement of periodic electrical quan- 
tities in an electronic circuit, in accordance 
with the method of preceding claims, 
characterized 
in that it comprises: 

at least one operational amplifier (2) with inputs 
connected to two terminals (3) of the electronic 
circuit of which the periodic electrical quan- 
tities are to be measured, and in receipt of a 
reference voltage (V^) of predetermined value 
such that the transmitted output values are 
entirely positive; 

a data processing unit (4) composed at least of 
a switch (5) or similar electronic circuit capable 
of conveying signals from several sources to a 
single user, connected to the output of the 
operational amplifier (2). and disposed in se- 
quence thereafter, a sample-and-hold circuit 
(6), an analog-digital converter (7), a memory 
(8) or circuit capable of storing data, a shift 
register (9) incorporated into the memory (8). 
and a timer (13) such as will generate signals 
at a constant and predetermined frequency; 
also a control unit (10) integrated with and 
governing the data processing unit (4), which 
can be programmed by software in such a way 
as to respond, with the instrument (1) activated 
and on receipt of each signal generated by the 
timer (13), by executing the steps of: 

- commanding the shift register (9) to re- 
ceive a maximum number of values 
equivalent to the number of samples ac- 
quired in one quarter period of the cur- 
rent waveform; 

- connecting the operational amplifier (2) 
to the sample-and-hold circuit (6) and 
activating the analog-digital converter (7) 
to obtain conversion of the value of the 
voltage (Vj) registering at the terminals 
(3) to a digital or numerical value (Vd); 

- memorizing the digital voltage value (V^) 
in a respective first location of the mem- 
ory (8); 

- activating the analog-digital converter (7) 
to obtain conversion of the value of the 
current (Ij) registering at the terminals (3) 
to a digital or numerical value (Id), induc- 
ing a predetermined and constantly re- 
peatable delay or phase shift (At) in rela- 
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tion to the moment of initiating the con- 
version of the corresponding voltage val- 
ue (Vi); 

- memorizing the digital current value (Id) 
in a respective second location of the 5 
memory (8); 

- multiplying the digital voltage value (Vd) 
by 256 and adding the resulting product 
to the sum of the corresponding products 
stored in a respective third location of io 
the memory (8), then saving the updated 
result of the addition in the same third 
location of the memory; 

- taking the number obtained by multipli- 
cation of the digital voltage value (Vd x 75 
256), subtracting the corresponding off- 
set value for the operational amplifier (2) 
stored previously in a respective fourth 
location of the memory (8) and dividing 
the remainder by 256 so as to obtain a 20 
compensated and effective digital voltage 
value (Vii), then saving this same value 
in a respective fifth location of the mem- 
ory (8); 

- multiplying the digital current value (Id) 25 
by 256 and adding the resulting product 
to the sum of the corresponding products 
stored in a respective sixth location of 
the memory (8), then saving the updated 
result of the addition in the same sixth 30 
location of the memory; 

- taking the number obtained by multipli- 
cation of the digital current value (Id x 
256). subtracting the corresponding off- 
set value for the operational amplifier (2) 35 
stored previously in a respective seventh 
location of the memory (8) and dividing 
the remainder by 256 so as to obtain a 
compensated and effective digital current 
value (hi), then saving this same value in 40 
a respective eighth location of the mem- 
ory (8); 

- memorizing the compensated digital cur- 
rent value (hi) in the first available posi- 
tion of the shift register (9); 45 

- squaring the compensated digital voltage 
value (Vij), adding the squared compen- 
sated digital value to the sum of the 
previous squared compensated digital 
voltage values stored in a ninth location so 
of the memory (8), and saving the up- 
dated sum in the same ninth location of 
the memory; 

- squaring the compensated digital current 
value (lii), adding the squared compen- 55 
sated digital value to the sum of the 
previous squared compensated digital 
current values stored in a tenth location 
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of the memory (8), and saving the up- 
dated sum in the same tenth location of 
the memory; 

- multiplying together the compensated 
digital voltage value (Vij) and the relative 
compensated digital current value (In), 
adding the product of the multiplication 
to the sum of the corresponding previous 
products stored in a respective eleventh 
location of the memory (8), and saving 
the updated sum in the same eleventh 
location of the memory; 

- multiplying the compensated digital volt- 
age value (Vij) by the digital current val- 
ue (Igoi) memorized first in the shift regis- 
ter (9), discarding this same first-memo- 
rized digital current value (Igoj) from the 
shift register (9), adding the product of 
the multiplication to the sum of the cor- 
responding previous products stored in a 
respective twelfth location of the memory 
(8), and saving the updated sum in the 
same twelfth location of the memory; 

- repeating the procedure of sensing the 
values of the voltage (Vj) and the cor- 
responding current (h) registering at the 
terminals (3) and performing the relative 
calculations thereon, for a predetermined 
number of cycles, on receipt in each 
instance of a relative signal from the tim- 
er (13); 

- calculating the root mean square value of 
the voltage from the sum of the squares 
of compensated digital voltage values 
(Vij) stored in the ninth location of the 
memory (8) and saving the resulting val- 
ue (ViRMs) in a respective thirteenth loca- 
tion of the memory (8); 

- calculating the root mean square value of 
the current from the sum of the squares 
of compensated digital current values {\m) 
stored in the tenth location of the mem- 
ory (8) and saving the resulting value 
(liRMs) in a respective fourteenth location 
of the memory (8); 

- calculating the value of active power (Pi) 
from the sum of the products obtained 
by multiplying together the compensated 
digital voltage and current values (Vij, 
lij), stored in the eleventh location of the 
memory (8), and saving the value in a 
respective fifteenth location of the mem- 
ory (8): 

- calculating the value of apparent power 
(Si) on the basis of the root mean 
square values of voltage and current 
(ViRMs. liRMs) calculated previously, and 
saving the value in a respective sixteenth 
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location of the memory (8); 7. 

- calculating the value of reactive power 
(Qi) on the basis of the values of appar- 
ent power (Si) and active power (Pi) 
calculated previously, and saving the val- 5 
ue in a respective seventeenth location 

of the memory (8); 

- calculating measured reactive power 
(Qtm) from the sum of the products ob- 
tained by multiplication of the compen- io 
sated digital voltage values (Vij) with the 
compensated digital phase-shifted cur- 
rent values (Igoi). stored in the twelfth 
location of the memory (8), and saving 

the resulting value in a respective eigh- ;5 8. 
teenth location of the memory (8); 

- calculating power factor (Cos-phi) on the 
basis of the values of active power (Pi ) 

and apparent power (Si) calculated pre- 9. 
viously and saving the resulting value in 20 
a respective nineteenth location of the 
memory (8); 

- calculating the voltage offset value for 
the operational amplifier (2) by averaging 

the sum of the digital voltage values (Vj) 25 
multiplied by 256 stored in the third loca- 
tion of the memory (8) and saving the 
resulting value in the fourth location of 
the memory (8); 

- calculating the current offset value for the 30 
operational amplifier (2) by averaging the 
sum of the digital current values (1^) mul- 
tiplied by 256 stored in the sixth location 

of the memory (8) and saving the result- 
ing value in the seventh location of the 35 
memory (8); 

- compensating the values of active power 

(Pi) and measured reactive power (Qim) 10- 
calculated previously on the basis of the 
error generated by the delay or phase 40 
shift (At) separating the acquisition of the 
values of voltage and current (Vi , Ij) reg- 
istering at the terminals (3) of the mon- 
itored circuit. 

45 

An instrument as in claim 5, wherein the con- 
trol unit (10) is programmed to compensate the 
values of active power (Pi) and measured re- 
active power (Qim) by multiplying each value 11. 
with a corresponding compensation factor re- so 
trievable from a relative table of values, stored 
in the memory (8), which are computed on the 
basis of the delay or phase shift (At) separat- 
ing acquisition of the values of the voltage (Vi ) 
and the corresponding current (h) registering at 55 
the terminals (3). 



An instrument as in claim 5. comprising a 
plurality of operational amplifiers (2), each with 
a rated gain different to that of the other am- 
plifiers and connected electrically to one re- 
spective input of the switch (5). wherein the 
switch (5) is piloted automatically and indepen- 
dently by the control unit (10) in such a way as 
to activate the connection between one of the 
operational amplifiers (2) and the sample-and- 
hold circuit (6) on the basis of the value of the 
signal measured during the previous sampling 
cycle and of the rated gain of the single oper- 
ational amplifier (2). 

An instrument as claim 7. wherein the plurality 
of operational amplifiers (2) can be embodied 
as one multiple operational amplifer. 

An Instrument as in claim 5, wherein the sam- 
pling operations are repeated by the control 
unit (10) cyclically over periods of time pre- 
determined as multiples of the period char- 
acterizing the periodic quantity to be mea- 
sured, the period of the measured quantity 
being the time taken by that quantity to return 
to a regularly recurring value, in such a man- 
ner that each predetermined period of time will 
compass a whole number of waveforms of the 
periodic quantity to be measured, whilst the 
frequency of the signals generated by the tim- 
er (13) is such that the number of signals 
generated during each of the predetermined 
periods of time will be divisible both by four 
and by the whole number of waveforms of the 
monitored periodic quantity contained in,- each 
of the predetermined periods of time. \ 

An Instrument as In the preceding claim, for 
the measurement of periodic electrical quan- 
tities in a.c. circuits of 50 Hz or 60 Hz fre- 
quency, wherein the sampling operations are 
repeated by the control unit (10) cyclically for 
periods of 100 ms duration and signals are 
generated by the timer (13) at a frequency of 
2400 Hz in such a way that the control unit 
(10) will execute up to 240 sampling cycles in 
each period of 100 ms. 

An instrument as in claim 5, wherein the delay 
or phase shift (At) generated by the control 
unit (10) is equivalent to the sum of the time 
needed by the analog-digital converter (7) to 
convert the analog voltage value (Vj) register- 
ing at the terminals (3) of the monitored circuit, 
and the time taken by the control unit (10) to 
execute a predetermined and constantly re- 
peated number of steps or operations. 
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